Well-documented experimental evidence from both in vitro and in vivo models of stroke strongly supports the critical involvement of NMDA receptor-mediated excitotoxicity in neuronal damage after stroke. Despite this, the results of clinical trials testing NMDA receptor antagonists as neuroprotectants after stroke and brain trauma have been discouraging. Here, we report that in mature cortical cultures, activation of either synaptic or extrasynaptic NR2B-containing NMDA receptors results in excitotoxicity, increasing neuronal apoptosis. In contrast, activation of either synaptic or extrasynaptic NR2A-containing NMDA receptors promotes neuronal survival and exerts a neuroprotective action against both NMDA receptor-mediated and non-NMDA receptor-mediated neuronal damage. A similar opposing action of NR2B and NR2A in mediating cell death and cell survival was also observed in an in vivo rat model of focal ischemic stroke. Moreover, we found that blocking NR2B-mediated cell death was effective in reducing infarct volume only when the receptor antagonist was given before the onset of stroke and not 4.5 h after stroke. In great contrast, activation of NR2A-mediated cell survival signaling with administration of either glycine alone or in the presence of NR2B antagonist significantly attenuated ischemic brain damage even when delivered 4.5 h after stroke onset. Together, the present work provides a molecular basis for the dual roles of NMDA receptors in promoting neuronal survival and mediating neuronal damage and suggests that selective enhancement of NR2A-containing NMDA receptor activation with glycine may constitute a promising therapy for stroke.
Introduction
Neurodegeneration after stroke is becoming a major cause of morbidity and mortality in today's society. Understanding the molecular mechanisms mediating stroke-related brain damage, and the use of this knowledge in the development of effective therapeutics, are urgently required to address this problem. Although molecular and experimental animal studies have consistently demonstrated that overactivation of the NMDA subtype of glutamate receptors is the primary step leading to neuronal injury after insults of stroke and brain trauma (Lipton and Rosenberg, 1994; Mattson, 1997; Lee et al., 1999; Arundine and Tymianski, 2004) , several large-scale clinical trials have failed to find the expected efficacy of NMDA receptor antagonists in reducing brain injuries (Lee et al., 1999; Ikonomidou and Turski, 2002; Kemp and McKernan, 2002) . The reasons underlying the apparent contradiction between basic research results and clinical trials remain unknown but are likely multifactorial (Albensi et al., 2004) . NMDA receptors are believed to be tetrameric protein complexes comprised of NR1 subunits with at least one type of NR2 subunit. Different NR2 subunits confer distinct electrophysiological and pharmacological properties on the receptors and couple them with different signaling machineries. For instance, NR2A-and NR2B-containing NMDA receptor subtypes have opposing roles in influencing the direction of synaptic plasticity Massey et al., 2004) . Because NR2A and NR2B are the predominant NR2 subunits in the adult forebrain, where stroke most frequently occurs, we hypothesize that NR2A-and NR2B-containing NMDA receptors may have differential roles in supporting neuronal survival and mediating neuronal death and hence have opposing impacts on excitotoxic brain damage after acute brain insults such as stroke and brain trauma. Such opposing actions may explain, at least in part, the failure of NMDA receptor antagonism-based clinical trials of stroke and provide a scientific basis for developing novel and effective NMDA receptor-based stroke therapies.
Materials and Methods
Primary culture of cortical neurons. Dissociated cultures of rat cortical neurons were prepared from 18-d-old Sprague Dawley rat embryos as described previously (Mielke and Wang, 2005) . To obtain mixed cortical cultures enriched with neurons, uridine (10 M) and 5-Fluor-2Ј-deoxyuridine (10 M) were added to the culture medium at 3 d in vitro (DIV) and maintained for 48 h to inhibit non-neuronal cell proliferation before the cultures were returned to the normal culture medium. Mature neurons (11-14 DIV) were used for experiments. Mouse cortical cultures were prepared using embryos at 18 d postcoitum from litters resulting from heterozygote NR2Aϩ/Ϫ or NR2Bϩ/Ϫ matings (Sakimura et al., 1995; Kutsuwada et al., 1996) . To obtain homozygous and wild-type (WT) littermate control neuronal cultures, cortical cells from individual embryos were plated separately. Genotyping was performed as described previously (Tovar et al., 2000; Thomas et al., 2006) using tail samples collected from each embryo. To induce neuronal apoptosis, cortical cultures were stimulated with NMDA (50 M) and glycine (10 M) for 20 min, or STS (100 nM) for 1 h in Mg 2ϩ -free extracellular solution (ECS) containing the following (in mM): 25 HEPES acid, 140 NaCl, 33 glucose, 5.4 KCl, and 1.3 CaCl 2 , with pH 7.35 and osmolarity 320 -330 mOsm. Specific blockade of synaptic NMDA receptors was achieved by treatment with (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801) (10 M) in the presence of bicuculline (50 M) for 10 -15 min in Mg 2ϩ -free ECS, followed by thorough wash with ECS containing 1 mM MgCl 2 (normal ECS) to remove any trace of MK-801. NR2A-specific antagonist NVP-AAM077 (0.4 M; generous gift from YP Auberson, Novartis Pharma AG, Basel, Switzerland) or NR2B-specific antagonist Ro 25-6981 (0.5 M) was added to the bath medium 10 min before and throughout the treatments.
Assessment of neuronal death. Necrotic neuronal death was quantified by measuring lactate dehydrogenase (LDH) release 20 h after treatments using a Cyto Tox 96 assay kit (Promega, Madison, WI) . Apoptotic neuronal death was determined either by visualizing neurons stained with Hoechst-33342 or using a cell ELISA assay. For visualizing apoptotic neurons, Hoechest-33342 (10 g/ml) was added to the culture medium 20 h after treatments and incubated for 45 min at 37°C. Images were taken with a Leica DMIRE2 fluorescence microscope. Cells with condensed or fragmented chromatin were considered apoptotic. These observations were quantitated by double-blind counting of apoptotic and total neurons in each visual field and expressed as percentage apoptosis. Cell ELISA quantitative assessment of neuronal apoptosis was performed 20 h after treatments using a Cell Death Detection ELISA PLUS Kit (Roche Products, Welwyn Garden City, UK). Absorbance readings were measured using a spectrophotometric microplate reader. Data analyses were performed according to the instructions of the manufacturer. Data are expressed as the difference in apoptosis relative to control and are expressed as a percentage.
Recording of miniature EPSCs and whole-cell NMDA currents. Neurons on coverslips (11 DIV) were transferred to a recording chamber that was continuously perfused with normal ECS. Bicuculline (10 M) and tetrodotoxin (0.5 M) were added to isolate action potential-independent miniature EPSCs (mEPSCs). Patch pipettes were pulled from borosilicate glass capillaries (World Precision Instruments, Sarasota, FL) and filled with an intracellular solution (pH 7.2; 300 -310 mOsm) composed of the following (in mM): 140 CsCl gluconate, 0.1 CaCl 2 , 10 HEPES, 2 MgCl 2 , 10 BAPTA, and 4 ATP. A MultiClamp 700A amplifier (Molecular Devices, Palo Alto, CA) was used for the recording. The series resistance was monitored throughout each recording and if it varied by Ͼ10%, the recording was rejected. No electronic compensation for series resistance was used. Whole-cell patch-clamp recordings were performed under voltage-clamp mode at a holding membrane potential of Ϫ60 mV. Recordings were low-pass filtered at 2 kHz, sampled at 10 kHz, and stored as data files using Clampex 8.0 (Molecular Devices). Synaptic events were analyzed off-line using the Mini Analysis Program 6.0 (Synaptosoft, Decatur, GA). During recording, Mg 2ϩ -free ECS was used so that mEPSCs comprising both AMPA and NMDA receptor-mediated components could be measured. NMDA receptor antagonists (APV, NVP-AAM077, or Ro 25-6981) were bath applied for at least 10 min to obtain sufficient recording data for analysis after achieving a stable level of NMDA receptor blockade. Synaptic events before and after application of NMDA receptor antagonists were automatically detected from computer-stored recordings using the same detection parameters in Mini Analysis Program. Subtraction of averaged traces was done in Microsoft Excel (Microsoft, Seattle, WA). Whole-cell NMDA currents were recorded at a holding membrane potential of Ϫ60 mV under voltage-clamped configuration, and the currents were evoked by NMDA at concentrations specified in the results in Mg 2ϩ -free ECS using a fast perfusion system (Warner Instruments, Hamden, CT).
Western blotting. Twelve hours after treatments, proteins were extracted from neurons using a lysis buffer composed of 150 mM NaCl, 50 mM Tris, pH 7.4, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM Na 3 VO 4, 10 g/ml each of leupeptin and aprotinin, and 1 mM phenylmethylsulfonyl fluoride. To determine the state of Akt phosphorylation, the samples were separated on 10% SDS-PAGE gels, transferred to polyvinylidene difluoride (PVDF) membrane, and immunoblotted with anti-phosphoSer473-Akt antibody (Cell Signaling Technology, Beverly, MA). The same membrane was stripped and reprobed with anti-Akt antibody (Cell Signaling Technology). To determine the activity of caspase-3, the samples were separated on 15% SDS-PAGE gels and transferred to PVDF membranes, which were then sequentially probed with antibodies against cleaved caspase-3 (Asp175; Cell Signaling Technology) and ␤-tubulin (Sigma, St. Louis, MO).
Experimental stroke in vitro and in vivo. Oxygen-glucose deprivation (OGD) was achieved by transferring cortical cultures to an anaerobic chamber (Thermo EC) containing a 5% CO 2 , 10% H 2 , and 85% N 2 (Ͻ0.01% O 2 ) atmosphere (Goldberg and Choi, 1993; Aarts et al., 2002; Mielke and Wang, 2005) . Cultured cells were then washed three times with glucose-free bicarbonate-buffered solution (deoxygenated in the anaerobic chamber for 30 min before use) and maintained anoxic for 1 h at 37°C. OGD was terminated by removing the cultures from the chamber, washing them twice with normal ECS, and returning them to the original growth conditions until additional assay.
Transient cerebral focal ischemia was produced by middle cerebral artery occlusion (MCAo) as described previously (Bederson et al., 1986; Longa et al., 1989; Aarts et al., 2002) . Briefly, male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) weighing ϳ300 g were anesthetized, and MCAo was achieved by introducing a 3-0 monofilament suture into the MCA via the internal carotid artery. Body temperature was maintained at 37.0 Ϯ 0.5°C, and blood pressure and blood gases were monitored during the experiments. Animals were killed 24 h after MCAo onset. Cerebral infarction was analyzed using brain sections stained with hematoxylin and eosin (H&E) or 2,3,5-triphenyltetrazolium chloride. Ten minutes before the animals were killed, two tests [the postural reflex test to examine upper body posture (Bederson et al., 1986) and the forelimb placing test to examine sensorimotor integration in forelimb placing responses to visual, tactile, and proprioceptive stimuli (De Ryck et al., 1989) ] were performed to grade neurological function on a scale of 0 -12 (0, normal; 12, worst) . In the pretreatment study, a single bolus of drugs was infused intravenously 30 min before a 1 h MCAo. For posttreatment experiments, animals were subjected to a 1.5 h MCAo, and drug treatments were then given via intraperitoneal injection 3 h after reperfusion (4.5 h after the onset of MCAo).
Data analysis. Data are expressed as mean Ϯ SEM. ANOVA was used for comparison among multiple groups, followed by the Holm-Sidak test for comparison between two groups. Statistical significance was defined as p Ͻ 0.05.
Results
We first tested our hypothesis that NR2A-and NR2B-containing NMDA receptors exert differential roles in mediating NMDAinduced neuronal death in rat cortical cultures of 11-14 DIV using subunit-specific NMDA receptor antagonists: NVP-AAM077, which preferentially inhibits NR2A-containing receptors at concentrations of 0.4 -1 M Massey et al., 2004; Tigaret et al., 2006) , and Ro 25-6981, which specifically blocks NR2B-containing receptors (Fischer et al., 1997; Mutel et al., 1998) . Because the subunit specificity of these antagonists, NVP-AAM077 in particular, is debated (Berberich et al., 2005; Weitlauf et al., 2005) , and because the expression of NR2A and NR2B varies depending on the developmental stage of the neurons (Monyer et al., 1994; Zhou and Baudry, 2006) , it is critically important for us to determine whether both subtypes of NMDA receptors exist in these neurons and, if so, whether NVP-AAM077 and Ro 25-6981 function as respective subunit-selective antagonists. To do this, we examined the ability of these antagonists to inhibit whole-cell currents evoked with a rapid and brief application of NMDA (50 M NMDA, 10 M glycine, 5 M strychnine). As shown in Figure 1 A, bath application of either NVP-AAM077 (0.4 M) or Ro 25-6981 (0.5 M) alone produced a partial, but significant, blockade of the NMDAinduced currents. To determine the potentially nonselective, overlapping blockade of these antagonists, we applied the two antagonists sequentially and compared the degree of blockade produced by each antagonist alone and when applied after the other antagonist ( Fig. 1 A, B) . NVP-AAM077 produced a similar blockade when applied alone (42.9 Ϯ 5.9%) and after Ro 25-6981 blockade (43.4 Ϯ 12.4%), confirming that Ro 25-6981, at the concentration used here, is a very specific NR2B subunit antagonist with little effect on NR2A-containing receptors (Fischer et al., 1997; Mutel et al., 1998) , and that NVP-AAM077 effectively blocked NR2A-containing receptor-mediated currents Massey et al., 2004; Tigaret et al., 2006) . After NVP-AAM077 blockade, NMDA current inhibition by Ro 25-6981 was reduced by ϳ5.6% (34.6 Ϯ 1.8% when applied alone vs 29.0 Ϯ 3.3% after NVP-AAM077; p ϭ 0.19). Although the reduction did not reach statistical significance, as suggested by several recent studies (Berberich et al., 2005; Weitlauf et al., 2005; Tigaret et al., 2006) , it may reflect a small degree of cross-inhibition of NR2B receptors by NVP-AAM077 in these neurons under our experimental conditions. However, several recent studies have demonstrated that such a marginal effect may not significantly alter the utility of NVP-AAM077 as an NR2A-subunit preferential antagonist under experimental conditions such as in the present study Massey et al., 2004; Tigaret et al., 2006) . Previous studies have indicated that Ro 25-6981 specifically blocks NR1/NR2B diheteromeric NMDA receptors with little effect on NR1/ NR2A/NR2B triheteromeric NMDA receptors (Hatton and Paoletti, 2005) . The relative potency of NVP-AAM077 for NR1/ NR2A/NR2B versus NR1/NR2A receptors remains to be determined; however, considering that NVP-AAM077 is a competitive antagonist at glutamate binding sites, and that both glutamate binding sites must be occupied to open the channel Westbrook, 1991, 1994) , it is likely able to block all NR2A-containing NMDA receptors. Together, our results suggest that both NR2A-containing and NR1/NR2B receptor subtypes are expressed in these neurons and, under our experimental conditions, the two antagonists selectively block respective receptor subtypes with insignificant cross-receptor subtype antagonism at the concentrations used in the present study.
Antagonist effects on NMDA receptor-mediated neuronal death were investigated next. Because NMDA receptor stimulation can induce both necrotic and apoptotic neuronal death (Bonfoco et al., 1995) , we first investigated subunit roles in necrotic neuronal death. Neuronal death was induced by incubating cultures with 50 M NMDA plus 10 M glycine for 20 min (NMDA-mediated excitotoxicity) and 20 h after treatments, LDH release from cells was measured. LDH release is an accepted marker of loss of plasma membrane integrity, a major indicator of necrotic neuronal death. As shown in Figure 2 A, NMDA treatment produced a significant increase in the release of LDH. The NMDA-induced neuronal damage was a result of specific activation of NMDA receptors, because it was fully blocked by the NMDA receptor antagonist APV (50 M; data not shown). To determine the individual roles of NR2A-containing and NR1/ NR2B NMDA receptor subtypes in NMDA-induced neuronal necrosis, we compared the effects of a blockade of these receptors with subunit-specific antagonists. Bath application of NR2B antagonist Ro 25-6981 (0.5 M), but not NR2A-containing receptor antagonist NVP-AAM077 (0.4 M), prevented NMDAinduced neuronal necrosis, indicating the critical involvement of NR1/NR2B, but not NR2A-containing, NMDA receptor subtypes in mediating the necrotic component of NMDA receptormediated neuronal death.
We then turned our attention to apoptosis. Neuronal apoptosis was determined 20 h after treatment by microscopic visualization of neurons after nuclear staining with Hoechst-33342 and quantifying DNA damage using a Cell ELISA assay. Consistent with previous reports (Budd and Lipton, 1999; Hardingham et al., 2002; Wang et al., 2004; ) , NMDA treatment induced characteristic neuronal apoptosis as indicated by an increase in the proportion of neurons displaying nuclear condensation and/or fragmentation (Fig. 2 B) . Neuronal apoptosis was confirmed using a quantitative biochemical measurement of intranucleosomal fragmentation (Fig. 2C ). Bath application of Ro 25-6981 (0.5 M) prevented NMDA-induced neuronal apoptosis, indicating the apoptotic component of neuronal injury is also primarily mediated by the NR1/NR2B NMDA receptor subtype. In striking contrast, we found that application of NVP-AAM077 (0.4 M) failed to block, and in fact significantly enhanced, NMDAinduced apoptosis (Fig. 2 B, C) ( p Ͻ 0.05 compared with NMDA alone). These unexpected results strongly suggest that activation of NR2A-containing NMDA receptors may activate cell survivalpromoting signals, counteracting the apoptotic action produced by NR1/NR2B receptors.
One well-characterized neuronal survival signaling pathway activated by NMDA receptors is the serine/threonine kinase Akt/ protein kinase B-dependent cell survival signaling pathway (Dudek et al., 1997) , and inhibition of this kinase activity contributes to NMDA receptor-mediated apoptosis (ChaleckaFranaszek and Chuang, 1999). As shown in Figure 2 D, treatment of neurons with NMDA resulted in a significant reduction in Akt kinase activity as gauged by the dephosphorylation of Serine473 ( Coffer et al., 1998; Wang et al., 2004) . Blocking NR2A receptors with NVP-AAM077 not only failed to prevent, but slightly increased, the NMDA-induced reduction in Akt activity. In contrast, after NR2B blockade, the NMDA-induced Akt inhibition was virtually eliminated (Fig. 2 D) . Activation of certain caspases, such as caspase-3 and -7 (Okamoto et al., 2002; Wang et al., 2004) , has been suggested to be a critical step in NMDA-induced neuronal apoptosis. In the present study, we found that NMDA treatment dramatically increased the level of the activated form of caspase-3, as shown by Western blots using an antibody that specifically recognizes activated/cleaved caspase-3 (Fig. 2 D) . The activation of the caspase-mediated death signal was inhibited by blocking NR2B receptors but slightly enhanced after NR2A blockade. These unexpected results strongly suggest that activation of NR2A-containing NMDA receptors exerts a cell survivalpromoting effect that counteracts the apoptotic action produced by NR2B-containing receptors.
To corroborate results obtained with the pharmacological blockade, we investigated the differential roles of NMDA receptor subtypes in mediating NMDA receptor-induced apoptosis in mature cortical cultures prepared from NR2A (1) or NR2B (2) knock-out mice (Sakimura et al., 1995; Kutsuwada et al., 1996) . NMDA receptor-mediated neuronal apoptosis was produced by bath application of NMDA as described previously and quantified by analysis of Hoechst-33342-stained neurons (Fig. 3 A, B) . We found that mouse neurons lacking the NR2A subunit showed a degree of neuronal apoptosis similar to wild-type neurons after NMDA stimulation (Fig. 3A) , consistent with little contribution of NR2A-containing receptor to the NMDA receptor-mediated apoptosis. The lack of enhancement of NMDA-induced apoptosis may be attributable to a compensation in the NR2A-dependent neuronal survival signaling pathways during neuronal development in the absence of NR2A subunits. In contrast, NMDA-induced neuronal apoptosis was significantly reduced in NR2B-lacking neurons relative to wildtype cortical neurons ( Fig. 3B ) ( p Ͻ 0.05 compared with NMDA-treated WT). These results demonstrate that the NR2B subunit has a primary role in mediating NMDA receptor-induced neuronal apoptosis in wild-type animals and hence are in reasonable agreement with the results obtained by pharmacological NR1/NR2B blockade.
In a recent study, Hardingham et al. (2002) reported that selective activation of synaptic or extrasynaptic NMDA receptors mediates neuronal survival or death, respectively. Furthermore, available immunochemical and electrophysiological evidence suggests that, at least in the mature neurons of rat hippocampus and cortex, NR2A-and NR2B-containing receptors are differentially expressed at synaptic and extrasynaptic sites (Tovar and Westbrook, 1999) . These data raise the possibility that it is the anatomical location (synaptic vs extrasynaptic), rather than subunit composition, of NMDA receptors that mediates the differential actions observed in the present study. To differentiate the effects of NMDA receptor subunit compositions from their anatomical localizations, we functionally mapped the expression of NR2A-and NR2B-containing NMDA receptors at synaptic and extrasynaptic sites and investigated their roles in promoting cell survival or death in cultured cortical neurons after pharmacological isolation. In CA1 neurons in hippocampal slices prepared from rats 3-4 weeks of age, although the vast majority of synaptic NMDA receptors are NR2A-containing, clear electrophysiological evidence indicates that a small proportion of functional NR1/NR2B (Ro 25-6981 sensitive) receptors do express at synapses Wong et al., 2005) . We therefore examined whether functional NR1/NR2B receptors are also expressed Figure 2 . NR2A-and NR2B-containing NMDA receptors exert opposing effects on NMDA-induced excitotoxic neuronal damage. Cortical neuronal cultures were treated without NMDA (control) or with NMDA (50 M plus 10 M glycine) for 20 min and examined for neuronal cell death after 20 h. A, NMDA-induced necrotic neuronal injury was mediated by NR1/NR2B-but not NR2A-containing NMDA receptors. Necrotic neuronal injury was quantitatively determined by measuring LDH release. NR2B preferential antagonist Ro 25-6981 (Ro; 0.5 M), but not NR2A preferential antagonist NVP-AAM077 (NVP; 0.4 M), prevented NMDA-induced necrosis. Data are presented as the difference in LDH levels as a percentage of control. **p Ͻ 0.01 compared with nontreated control; n ϭ 18 tissue culture wells from three separate experiments for each group. B, C, NR2A-containing and NR1/NR2B receptors exert opposing effects on NMDA-induced neuronal apoptosis. Representative images of Hoechst-33342-stained neurons in B illustrate the differential effects of coapplication of NMDA with NR2A antagonist NVP-AAM077 (NVP; 0.4 M) or NR2B antagonist Ro 25-6981 (Ro; 0.5 M) on NMDA-induced neuronal apoptosis. NMDA stimulation produced neuronal damage such as chromatin condensation and/or fragmentation, which were aggravated in the presence of NVP-AAM077 but eliminated in the presence of Ro 25-6981. The cell death ELISA assay in C quantifies the differential effects of NVP-AAM077 and Ro 25-6981 on NMDA-induced neuronal apoptosis. Data are presented as the difference in apoptosis levels as a percentage of control. **p Ͻ 0.01 compared with nontreated control; # p Ͻ 0.05 and ## p Ͻ 0.01, compared with NMDA treatment alone; n ϭ 18 tissue culture wells from three separate experiments for each group. D, NR2A-containing and NR1/NR2B receptors have opposing actions on cell survival (Akt activation) and death (caspase-3 activation) signaling pathways. Top, Cell lysates from cultured neurons treated as indicated were sequentially immunoblotted with antibodies specific to Akt phosphorylated on serine 473, the active form of the enzyme (P-Akt), and total Akt (Akt). Bottom, Cell lysates were sequentially immunoblotted with antibodies that specifically recognize cleaved caspase-3 (activated caspase-3; Casp3) and ␤-tubulin as a load control (Tubulin).
at the synaptic sites of the cultured cortical neurons used in the present study using whole-cell recording of spontaneous mEPSCs. As shown in Figure 4 A, under these recording conditions, mEPSCs are comprised of both a fast AMPA subtype glutamate receptor-mediated component, which was completely blocked by the non-NMDA receptor antagonist DNQX (data not shown), and a slow NMDA receptor-mediated component, which was fully blocked by the NMDA receptor antagonist APV (Fig.  4 Aa,Ab,Ad). Consistent with the presence of a proportion of functional synaptic NR1/NR2B receptors, the NMDA component was significantly reduced by bath application of NR2B antagonist Ro 25-6981 (0.5 M) (Fig. 4 Ac,Ad). Because mEPSCs are primarily mediated by synaptically localized receptors activated by glutamate spontaneously released from presynaptic terminals, the sensitivity to NR2B antagonist demonstrates that functional NR1/NR2B NMDA receptors are present within the glutamatergic synapses of the neurons under study. On average, the NR1/NR2B receptor-mediated component accounted for 32.4 Ϯ 3.6% of the synaptic NMDA currents (n ϭ 5) (Fig.  4 Ac,Ad), and the remainder was primarily mediated by NR2A-containing receptors as it was essentially eliminated in the presence of the NR2A-specific antagonist NVP-AAM077 (0.4 M; n ϭ 5). Thus, similar to hippocampal CA1 neurons in brain slices Wong et al., 2005) , functional subpopulations of both NR2A-containing and NR1/NR2B NMDA receptors, although the former is predominant, are expressed at the synapses of the cultured neurons used in the present study.
The function of the two synaptic receptor subpopulations in mediating neuronal survival or death was examined next. We reasoned that if the location of the receptors is the determining factor, activation of either receptor population at the synapse should promote neuronal survival. However, if the subunit composition is the determinant, one would expect that the two populations, despite both being synaptically localized, should have different actions. To increase activation of synaptic NMDA receptors by synaptically released glutamate, neurons were incubated with the GABA A receptor antagonist bicuculline (50 M; 4 h). Bicuculline increases neuronal excitation by blocking the GABA A receptor-mediated synaptic inhibition and thereby enhances action potential-dependent synchronized release of glutamate from presynaptic terminals. Neuronal apoptosis was quantified 20 h after the treatments. We found that stimulation of synaptic NMDA receptors by application of bicuculline alone, or in the presence of NR2B antagonist Ro 25-6981, did not cause apoptotic cell death (Fig. 4 B) . In contrast, blocking synaptic NR2A-containing receptors by coapplication of NVP-AAM077 with bicuculline significantly increased neuronal apoptosis ( p Ͻ 0.01) (Fig. 4 B) . The NR2A blockade-induced neuronal apoptosis was mediated by synaptic NR1/NR2B, because it was prevented in the presence of Ro 25-6981 (Fig. 3B) . Because, under bicuculline incubation, the increased action potential-dependent synaptic release of glutamate may lead to activation of extrasynaptic NMDA receptors by glutamate spillover, we next examined the Charge transfer is equivalent to the area of the shaded regions. B, Enhanced activation of synaptic NR2A-containing and NR1/NR2B receptors exerts opposing actions on neuronal survival and death. Potentiation of synaptic NMDA receptor activation was achieved by increasing the presynaptic release of glutamate by incubating cultured neurons with bicuculline (Bic; 50 M) for 4 h in the absence or presence of NR2-containing receptor-specific antagonists. Blockade of NR2A-containing (BicϩNVP), but not NR1/NR2B (BicϩRo), NMDA receptors increased neuronal apoptosis. The NR2A blockadeinduced apoptosis was prevented by an additional blockade of NR1/NR2B receptors (BicϩNVPϩRo). C, Spontaneously activated synaptic NR2A-and NR2B-containing receptors also have opposing roles in promoting neuronal survival and death. Incubation of neurons with NVP-AAM077 (NVP), but not Ro 25-6981 (Ro), for an extended duration (48 h) in the absence of bicuculline stimulation was sufficient to produce an increase in apoptosis. The NVP-AAM077-induced apoptosis was prevented by addition of Ro 25-6981 (NVPϩRo). Thus, both synaptic NR2A-containing and NR1/NR2B subpopulations of NMDA receptors are spontaneously activated by presynaptically released glutamate, exerting counteracting effects on cell survival and death, but synaptic NR2A-containing receptor activation is predominant and required for maintaining normal neuronal survival. **p Ͻ 0.01 compared with control; n ϭ 16 (B) and 10 -12 (C) for each group from three separate experiments.
impact of a blockade of synaptic NMDA receptor activation by glutamate spontaneously released from terminals under basal, nonstimulated conditions. Incubation of neurons with NVP-AAM077 for 4 h failed to increase neuronal apoptosis (data not shown). However, when the incubation time was increased to 48 h, a significant increase in neuronal apoptosis was observed (Fig. 4C) ( p Ͻ 0.01). The synaptic NR2A antagonist-induced apoptosis was also prevented by the blockade of synaptic NR2B receptors with Ro 25-6981. In contrast, blockade of synaptic NR2B alone for up to 48 h did not increase neuronal apoptosis (Fig. 4C) . Together, these results strongly suggest that both synaptic NR2A-containing and NR1/NR2B receptors are activated by spontaneously released glutamate from the presynaptic terminal and hence tonically exert opposing influences with respect to promoting cell survival or death. Under physiological conditions, the NR2A-mediated cell survival-promoting effect counteracts the tonic apoptotic action of NR2B, thereby maintaining normal neuronal survival. As such, synaptic NR2B-mediated neuronal death can only be unmasked after pharmacological blockade of the NR2A-mediated cell survival signaling pathway.
In contrast to the predominant expression of NR2A-containing receptors at synapses, NR2B-containing receptors are thought to be the predominant NMDA receptor expressed at extrasynaptic sites in mature neurons (Tovar and Westbrook, 2002; Massey et al., 2004) . To determine if some, albeit small, proportion of extrasynaptic NMDA receptors contain NR2A in the neurons under study, we first pharmacologically blocked all NMDA receptors expressed at synapses and then examined whether currents gated through extrasynaptic NMDA receptors are sensitive to NR2A subunit-specific antagonism. The selective blockade of synaptic NMDA receptors was achieved by coapplication of bicuculline (50 M) and MK-801 (10 M) for 10 min. Bicuculline enhances synaptic release of glutamate and thereby selectively activates synaptic NMDA receptors (Hardingham et al., 2002) . MK-801, as an irreversible blocker of open NMDA receptor channels (Huettner and Bean, 1988; Tovar and Westbrook, 2002) , can only block the bicuculline-activated synaptic NMDA receptors and cannot block extrasynaptic channels that are not activated during bicuculline application. The complete blockade of synaptic NMDA receptors could be achieved within 10 min of bicuculline and MK-801 coapplication as indicated by the virtual elimination of the slow, APV-sensitive component of mEPSCs (Fig. 5Aa,Ab) . Little recovery was observed 1 h after wash-out of the drugs. The currents gated through extrasynaptic NMDA receptors were then induced by application of NMDA (200 M) via a fast perfusion system after washing out bicuculline and MK-801. The extrasynaptic NMDA receptor-mediated currents were mostly reduced by the NR2B antagonist Ro 25-6981 (Fig. 5Ac,Ad) , consistent with the idea that extrasynaptic NMDA receptors are predominantly NR1/NR2B receptor subtypes (Stocca and Vicini, 1998; Tovar and Westbrook, 1999; Tovar and Westbrook, 2002) . The residual, NR2B antagonist-resistant current was virtually blocked by the NR2A antagonist NVP-AAM077 (Fig. 5Ac,Ad) , indicating that the non-NR2B-containing extrasynaptic NMDA receptors were primarily NR2A-containing receptors. On average, ϳ26.6 Ϯ 2.3% (n ϭ 5) of total currents gated by extrasynaptic NMDA receptors were mediated by NR2A-containing receptors (Fig. 5Ad) . These results provide additional support for the existence of a substantial number of functional extrasynaptic NR2A-containing NMDA receptors in mature cultured cortical neurons (Thomas et al., 2006) .
We next addressed the role of extrasynaptic NR2A-containing and NR1/NR2B receptors in mediating NMDA-induced cell survival and death. After a specific blockade of synaptic NMDA receptors and wash-out of bicuculline and MK-801, the neurons were treated with NMDA (50 M plus 10 M glycine) for 20 min in the absence or presence of NVP-AAM077 (0.4 M) or Ro 25-6981 (0.5 M). Quantitative neuronal apoptosis assays performed 20 h after the treatments showed that NMDA application alone (nonselective activation of extrasynaptic NMDA receptors) elicited significant apoptosis ( p Ͻ 0.01) (Fig. 5B) , which was prevented by a selective blockade of NR1/NR2B extrasynaptic NMDA receptors with Ro 25-6981. In sharp contrast, blockade of the NR2A-containing receptors with NVP-AAM077 (i.e., leaving NR1/NR2B NMDA receptors intact) did not prevent but instead potentiated NMDA-mediated apoptosis ( p Ͻ 0.05 compared with NMDA treatment). Thus, as with synaptic NMDA receptors, activation of extrasynaptic NR2A-containing receptors has a role in promoting cell survival, counteracting NR1/ NR2B receptor-mediated neuronal apoptosis. Together, the data illustrated in Figures 4 and 5 strongly indicate that, regardless of their anatomical locations (synaptic vs extrasynaptic), NR2A-containing and NR1/NR2B receptors have opposing roles in mediating NMDA-elicited neuronal survival and apoptosis.
These results strongly suggest that selective activation of NR2A-containing receptors may be an effective therapeutic . NMDA receptor-mediated currents were evoked by fast application of NMDA within 10 min of washing out MK-801 and bicuculline. Currents remaining after the blockade of extrasynaptic NR1/NR2B receptors were virtually abolished by the addition of NVP-AAM077, suggesting the presence of functional extrasynaptic NR2A-containing NMDA receptors in these neurons. Ad, Histogram summarizes data from five individual neurons. B, Activation of extrasynaptic NR2A-containing NMDA receptors protects against neuronal death mediated by extrasynaptic NR1/NR2B NMDA receptors. Excitotoxic neuronal death was induced in cortical neurons by bath application of NMDA (50 M; 20 min) after the blockade of synaptic NMDA receptors with MK-801 plus bicuculline, and cell death was assayed 20 h later. NMDA elicited neuronal apoptosis, which was exacerbated when the NR1/NR2B component was selectively stimulated (NVPϩNMDA) but eradicated when the NR2A-containing component was specifically activated (RoϩNMDA). **p Ͻ 0.01 compared with control.
# p Ͻ 0.05, ## p Ͻ 0.01 compared with NMDA treatment. n ϭ 11-12 from two separate experiments for each group. means of protecting neurons from apoptotic injuries. Because of the lack of an NR2A-specific agonist, we attempted to achieve specific activation of NR2A using two different strategies. First, we examined the effect of selective activation of extrasynaptic NR2A-containing receptor activation on neuronal apoptosis induced by staurosporine (STS), a potent apoptosis inducer that does not act through the NMDA receptor (Budd et al., 2000) . In these experiments, all synaptic NMDA receptors were irreversibly blocked by pretreatment of the neurons with coapplication of bicuculline and MK-801, and extrasynaptic NR1/NR2B NMDA receptors were blocked by the addition of Ro 25-6981 (0.5 M) in the medium throughout the experiments. As shown in Figure 6 A, STS treatment (100 nM; 1 h) triggered tremendous neuronal apoptosis. Bath application of NMDA (200 M; 5 min) did not increase neuronal apoptosis on its own, confirming the effective blockade of NR1/NR2B receptor-mediated apoptotic actions by Ro 25-6981. However, the application of NMDA, which would primarily activate extrasynaptic NR2A-containing receptors under these conditions, significantly reduced STSinduced apoptosis ( p Ͻ 0.01 compared with STS alone) (Fig.  6 A) . The NMDA-induced neuronal protection was indeed mediated by NR2A-containing receptors as it was prevented by coapplication of NVP-AAM077. Second, we examined the effect of enhancement of synaptic NR2A activation on reducing NMDAinduced excitotoxicity. We accomplished the selective enhancement of synaptic NMDA receptor activation by a brief bath application of a suprasaturating concentration of glycine (Lu et al., 2001; Man et al., 2003) . As an NMDA receptor coagonist (McBain and Mayer, 1994) , glycine applied through bath can enhance the function of synaptic NMDA receptors that are activated by glutamate spontaneously released from presynaptic terminals under nonstimulated conditions but not extrasynaptic NMDA receptors, which are not activated under the nonstimulated condition because of the low ambient level of extracellular glutamate (Lu et al., 2001; Man et al., 2003) . Because, as shown in Figure 4 , synaptic NMDA receptors in these neurons are predominantly NR2A-containing, and their activation produces a dominant cell survival-promoting action (Fig. 4) , we reasoned that selective enhancement of activation of synaptic NMDA receptors with a suprasaturating concentration of glycine would lead to an increase in synaptic NR2A-dependent neuronal survival action. Consistent with our prediction, a 10 min pretreatment of neurons with glycine (300 M; plus 10 M strychnine to block glycine Cl Ϫ channels) significantly reduced the neuronal apoptosis produced by a subsequent application of NMDA ( p Ͻ 0.05, compared with NMDA treatment alone) (Fig. 6 B) . The survivalpromoting effect of glycine was mediated by activation of the synaptic NR2A-containing NMDA receptor subpopulation because the neuroprotective effects of glycine pretreatment were prevented by NR2A antagonist NVP-AAM077 but not affected by NR2B antagonist Ro 25-6981 (Fig. 6 B) . Together, these results strongly suggest that preferential activation of NR2A receptors can stimulate a prosurvival pathway that is able to guard against both NMDA receptor-mediated and non-NMDA receptor (such as STS)-mediated neuronal damage.
In view of the opposing roles of NR2A-and NR2B-containing NMDA receptors in mediating survival and death, we predicted that these two subpopulations may also play different roles in mediating neuronal injury after acute brain insults such as stroke and brain trauma. To examine this prediction, we used a wellcharacterized in vitro stroke model, OGD (Goldberg and Choi, 1993; Aarts et al., 2002) . Cortical cultures of 11-14 DIV were exposed to an anaerobic atmosphere for 1 h in a glucose-free solution in the absence or presence of either NVP-AAM077 (0.4 M) or Ro 25-6981 (0.5 M). Neuronal apoptosis was quantitatively determined 20 h after OGD. As shown in Figure 7A , 1 h of OGD produced a pronounced increase in neuronal apoptosis. As we expected, selective inhibition of the NR2A-containing NMDA receptors with NVP-AAM077 significantly enhanced OGDinduced neuronal apoptosis ( p Ͻ 0.05 compared with OGD), and in contrast, a specific blockade of the NR1/NR2B NMDA receptors by Ro 25-6981 drastically reduced the ODG-induced apoptosis ( p Ͻ 0.01 compared with OGD) (Fig. 6 A) .
We next determined whether these findings observed in vitro could be reproduced in vivo using a rat focal ischemic stroke model, MCAo (Bederson et al., 1986; Aarts et al., 2002) . We first infused NVP-AAM077 [2.4 mg/kg, a dose selected based on two times the anticonvulsant ED 50 in vivo (Y. Auberson, personal communication)], Ro 25-6981 (6 mg/kg) (Loschmann et al., 2004) , or vehicle (saline) intravenously in the rats 30 min before stroke onset. The animals were then subjected to a 1 h transient ischemic stroke induced by MCAo. This relatively short duration of ischemia was chosen to unmask the potential neuroprotective effects mediated by NR2A-containing receptors activated during the stroke challenge. Neurological score and cerebral infarction were examined 24 h after the MCAo onset. Similar to the results observed with OGD in vitro, we found that blockade of NR2A-containing NMDA receptors significantly increased the infarct areas and the total infarct volume, whereas, in sharp contrast, the stroke-induced brain injuries were remarkably reduced by NR2B antagonism (Fig. 7 B, C) . Specifically, when compared with saline-treated animals, NVP-AAM077 pretreatment gave rise to a 67.0 Ϯ 17.9% increase in total infarct volume (n ϭ 5; p Ͻ 0.05), whereas Ro 25-6981 treatment decreased the total infarct volume by 67.8 Ϯ 4.3% (n ϭ 6; p Ͻ 0.01). Neurological behavioral tests showed that the NVP-AAM077-treated animals exhibited a ## p Ͻ 0.01 compared with STS treatment. n ϭ 8 -12 for each group from three separate experiments. B, Pretreatment of neuronal cultures with glycine (300 M plus 10 M strychnine) for 10 min significantly reduced the neuronal apoptosis produced by NMDA applied thereafter (GlyϩNMDA). This neuroprotective effect was abolished by coapplication of NR2A antagonist NVP-AAM077 (0.4 M) with glycine (NVPϩGlyϩNMDA) but not by coapplication of NR2B-specific antagonist Ro 25-6981 (0.5 M) with glycine (RoϩGlyϩNMDA), indicating that the neuroprotective effect of glycine is primarily mediated through enhancing the activation of NR2A-containing NMDA receptors. *p Ͻ 0.05, **p Ͻ 0.01 compared with control. trend toward poorer neurological function, whereas Ro 25-6981 treatment produced a significant protective effect (Fig. 6 D) . Together, these observations indicate that both NR2A-containing and NR1/NR2B NMDA receptor subtypes are activated during stroke, exerting opposing effects on ischemic brain damage.
In a clinical setting, a practical therapy for stroke would be one that could be implemented after the onset of stroke. Thus, we determined whether postischemic blockade of NR2B or potentiation of NR2A would be effective in reducing ischemic brain injury. We predicted that, as the extracellular glutamate concentration may rapidly recover to prestroke levels [as quickly as 30 min after the stroke onset (Benveniste et al., 1984) ] and extrasynaptic NR1/NR2B receptors may not be activated thereafter, the NR2B antagonist may have a narrow window of efficacy. In contrast, selective activation of NR2A-containing receptors would initiate cell survival-promoting signals, protecting neurons against ischemic damage regardless of the time in relation to the stroke event and may therefore be expected to have a much broader therapeutic window. As expected, we found that treatment with either nonsubunit-specific NMDA receptor antagonist MK-801 (1 mg/kg) (Fig. 8 A) (Margaill et al., 1996) or NR2B-specific antagonist Ro 25-6981 (6 mg/kg) (Fig. 8 B) (Loschmann et al., 2004 ) 3 h after a 1.5 h MCAo challenge (4.5 h after stroke onset) did not provide any noticeable neuroprotection when compared with MCAo alone (Fig. 8 A) , which was in line with previous reports (Xue et al., 1994; Margaill et al., 1996) . In contrast, selective activation of synaptic NMDA receptors, which are predominantly NR2A-containing receptors, with the application of NMDA receptor coagonist glycine [800 mg/kg (De et al., 2000) ] resulted in a remarkable reduction in total infarct volume (Fig. 8 A) . The glycine effect is mediated through enhancement of synaptic NMDA receptors and not its action on glycine receptormediated Cl Ϫ channels, as it was virtually abolished by coadministration of MK-801 (Fig. 8 A) . Moreover, the glycine effect was resistant to NR2B antagonist Ro 25-6981 but prevented by NR2A antagonist NVP-AAM077, demonstrating that the efficacy of glycine was a result of specific enhancement of NR2A-containing NMDA receptor-mediated cell survival-promoting action (Fig. 8 B, C) . These results suggest that postischemic potentiation of the prosurvival action of NR2A-containing NMDA receptors, rather than NMDA receptor antagonism, is an effective neuroprotection strategy for the reduction of ischemic brain damage.
Discussion
Our results demonstrate that NMDA receptor activation can produce either neuronal survival or death-promoting actions and Figure 7 . Pretreatments with NR2A-and NR2B-specific antagonists promote neuronal survival and death, respectively, in both in vitro and in vivo models of ischemia. A, NR2A-containing and NR1/NR2B receptors exert opposing effects in ischemic neuronal injuries in vitro. Cortical cultures were challenged with a 1 h OGD, and apoptosis was assayed 23 h after the challenge. OGD resulted in a significant increase in neuronal apoptosis compared with nonchallenged controls (Control), and the OGD-induced apoptosis was respectively potentiated by the NR2A preferential antagonist NVP-AAM077 (NVPϩOGD; 0.4 M) and inhibited by the NR2B antagonist Ro 25-6981 (RoϩOGD; 0.5 M) when bath applied 30 min before, and during, the OGD challenge. **p Ͻ 0.01 compared with control.
# p Ͻ 0.05, ## p Ͻ 0.01 compared with OGD. n ϭ 17-18 for each group from three separate experiments. B, C, NR2A-and NR2B-containing receptors exert opposing effects in ischemic neuronal injuries in vivo. Adult rats were subjected to a 1 h focal cerebral ischemia produced by MCAo, and cerebral infarction was assessed 24 h after MCAo onset. Intravenous infusion 30 min before MCAo onset of NVP-AAM077 (NVPϩMCAo; 2.4 mg/kg; n ϭ 5) and Ro 25-6981 (RoϩMCAo; 6 mg/kg; n ϭ 6) increased and decreased, respectively, both infarct area (B) and total infarct volume (C). *p Ͻ 0.05, **p Ͻ 0.01 compared with MCAo. D, Neurological scores assessed 24 h after stroke onset in the same groups of animals shown in B and C indicate that blockade of the NR2A-containing NMDA receptors resulted in a trend toward worsening neurological function, whereas blockade of NR1/NR2B NMDA receptors markedly improved neurological behavior. **p Ͻ 0.01 compared with MCAo. Figure 8 . Postischemic potentiation of NR2A-containing NMDA receptors through administration of glycine reduces ischemic brain damage in an in vivo focal ischemic stroke model. Adult rats received either drug or saline treatment 3 h after a 1.5 h MCAo challenge (4.5 h after MCAo onset). A, General blockade of NMDA receptors with nonsubunit-specific antagonist MK-801 (1 mg/kg; n ϭ 8) after stroke was no longer neuroprotective, whereas a poststroke treatment with NMDA receptor coagonist glycine (Gly; 800 mg/kg; n ϭ 8) significantly reduced total infarct volume. The glycine effect was fully blocked by coapplication of MK-801 (GlyϩMK-801; n ϭ 7), indicating mediation by NMDA receptors. *p Ͻ 0.05 compared with Control (MCAo alone). B, Postischemic treatment with NR2B-selective antagonist Ro 25-6981 (Ro; 6 mg/kg; n ϭ 10) was ineffective, whereas the glycine effect persisted in the presence of Ro 25-6981 (6 mg/kg) (GlyϩRo; n ϭ 9). The addition of NR2A antagonist NVP-AAM077 (2.4 mg/kg; GlyϩRoϩNVP; n ϭ 10) abolished the neuroprotection offered by glycine, indicating glycine acts via selective potentiation of NR2A-containing NMDA receptors. **p Ͻ 0.01 compared with control (MCAo alone). C, Representative rat brain sections stained with H&E from each treatment group in B. Pale staining indicates infarct.
that this dual action is mediated by receptor subunit composition. The cell survival action can be fully blocked by the NR2A preferential antagonist NVP-AAM077. Although NVP-AAM077 may have a small contaminant inhibition of NR2B-containing receptors, the lack of blockade of the NMDA receptor-mediated cell survival action by the NR2B antagonist Ro 25-6981 essentially rules out the contribution of this subunit. Moreover, the lack of effect on NMDA-induced necrotic neuronal injury suggests that NR2A-containing receptor-mediated cell survival actions preferentially protect against apoptosis, and this appears to be mediated at least in part by the activation of an Akt-dependent anti-apoptotic signal. In contrast, the efficient blockade of NMDA receptor-dependent cell death by Ro 25-6981, but not by NVP-AAM077, strongly suggests that it is the NR1/NR2B, not the NR2A-containing, NMDA receptor subpopulation that plays a primary role in triggering intracellular cascades that lead to NMDA-or ischemia-induced neuronal apoptosis. The inability of NVP-AAM077 to block cell death is an additional indication that any small fraction of NR2B inhibition provided by this antagonist is not sufficient to block the NR2B-dependent cell death.
In addition to NR1/NR2A and NR1/NR2B diheteromers, cortical neurons are also believed to express an NR1/NR2A/NR2B triheteromeric NMDA receptor subpopulation. Because of the lack of a selective antagonist for these receptors, their contributions to cell survival and/or death remain to be determined. Given that Ro 25-6981 has a much higher potency toward the NR1/NR2B diheteromeric receptors than NR1/NR2A/NR2B triheteromeric receptors (Hatton and Paoletti, 2005) , it is reasonable to speculate that most of the NMDA-induced cell death actions observed in the present study are primarily a result of activation of NR1/NR2B receptors. In contrast, although the sensitivity of NVP-AAM077 toward the NR1/NR2A/NR2B triheteromeric receptors has not been investigated previously, because NVP-AAM077 is a competitive antagonist at the agonist binding sites of NR2A subunits and because both binding sites need to be occupied to open the channel, we speculate that NVP-AAM077 may inhibit all NR2A-containing receptors. Thus, without an antagonist that blocks only NR1/NR2A/NR2B triheteromeric receptors, we tentatively attribute the NVP-AAM077-and Ro 20 -6891-sensitive actions observed here to NR2A-containing (both NR1/NR2A and NR1/NR2A/NR2B) and NR1/NR2B receptor subpopulations, respectively. Therefore, together, our study suggests that activation of NR1/NR2B NMDA receptors, synaptic or extrasynaptic, initiates apoptotic signaling cascades and promotes neuronal death, whereas selective activation of NR2A-containing NMDA receptors stimulates prosurvival signaling, thereby exerting a neuroprotective action against both NMDA receptor-dependent and non-NMDA receptor-dependent apoptotic neuronal injuries. The net impact of NMDA receptor activation on neuronal survival and death is dependent on the balance between the activation of these two receptor subpopulations. The differential actions of NMDA receptor subunits in mediating cell survival and death revealed by the subunitpreferential antagonists are also primarily corroborated by results obtained with genetic deletions of NR2A or NR2B subunits (Fig. 3) . Some differences between these approaches, particularly in the complete blockade of NMDA-induced toxicity by Ro 20 -6891 versus partial loss of toxicity by genetic deletion of NR2B and the lack of significant enhancement in excitotoxicity by the deletion of NR2A, suggest the occurrence of alterations in expression, localization, or signaling downstream of other NMDA receptor subunits in neurons developing without the respective NR2 subunits.
The observed involvement of NR2B receptors in NMDAmediated excitotoxicity is in good agreement with a recent study using brain slices (Zhou and Baudry, 2006) , and the NR2A-mediated neuronal survival has also been demonstrated in a traumatic mechanical injury model in vitro (DeRidder et al., 2006) . It is interesting, however, to note that NR2A was also recently reported to be involved in human immunodeficiency virusmediated neurotoxicity (O'Donnell et al., 2006) . As the reasons underlying the conflict between these results remain to be determined, we should be cautious of generalizations concerning the roles of NR2A and NR2B in mediating NMDA receptormediated neuronal survival and death. Roles may vary depending on developmental stage, brain area, and the model of disease.
Results from this work strongly suggest that the receptor subcellular localization has little influence on the differential roles of NR2A-containing and NR1/NR2B receptors in promoting cell survival and death. However, because of the preferential expression of the two subunits at synaptic versus extrasynaptic sites, selective activation of synaptic and extrasynaptic NMDA receptors could be expected to result in the activation of predominantly NR2A-containing receptor-dependent cell survival and NR1/NR2B receptor-mediated apoptotic pathways, respectively. Thus, our results may not be in conflict with recently reported differential actions on cell survival and death after selective activation of synaptic and extrasynaptic NMDA receptors (Hardingham et al., 2002) . Our work may also provide a molecular basis to explain the paradoxical roles of NMDA receptor antagonism in producing extensive neuronal apoptosis in developing animals (Ikonomidou et al., 1999) and neuroprotection against ischemic brain damage in animal studies (Lee et al., 1999; Arundine and Tymianski, 2004) . For instance, under normal conditions, spontaneously released glutamate preferentially stimulates synaptic NMDA receptors and hence activates predominantly the NR2A-containing receptor-dependent cell survival signaling, thereby playing an essential role in maintaining the physiological survival of the neurons in some areas of the brain under certain developmental stages. As demonstrated in the present study, NR2A-containing receptor activation, in addition to counteracting NR2B-containing receptor-mediated cell death, has the ability to guard against non-NMDA receptor-mediated apoptotic processes, which may be particularly active as part of the process of eliminating excess numbers of neurons in the developing animal. Thus, blocking these synaptically activated NMDA receptors may lead to extensive neuronal apoptosis. However, under some pathological conditions, such as stroke and brain trauma, there is usually a transient and rapid increase in extracellular glutamate concentrations and consequently extrasynaptic receptors, which are predominantly NR1/NR2B receptors and not usually activated by synaptically released glutamate under normal synaptic transmission, become activated, resulting in a predominant activation of the NR1/NR2B receptor-dependent cell death pathway. Thus, blocking these receptors can be neuroprotective under these pathological conditions.
Despite a large body of well-documented evidence for a critical role of NMDA receptor-mediated excitotoxicity in brain damage after stroke and brain trauma, clinical trials of NMDA receptor antagonists as neuroprotectants in stroke and traumatic brain injuries have not been successful (Lee et al., 1999; Ikonomidou and Turski, 2002; Kemp and McKernan, 2002) . The reasons underlying the apparent contradiction between basic research results and clinical trials remain unknown, but several reasons have been proposed. These include, but are not limited to, the inability to use the antagonists at the doses required for neuroprotection resulting from side effects, the inability to administer the drugs within their neuroprotective windows, poor experimental designs, and heterogeneity in the patient population (Corbett and Nurse, 1998; Gladstone et al., 2002; Ikonomidou and Turski, 2002; Albensi et al., 2004) . In the present study, we demonstrate that the NMDA receptor-mediated excitotoxic neuronal injuries after stroke in the rat MCAo model of focal ischemia are primarily mediated by NR1/NR2B receptors, because NR2B preferential antagonist applied before the stroke onset significantly reduced the brain damage. However, the NR2B antagonist appears to have a relatively narrow therapeutic window, because it offers little protection when administered 4.5 h after the stroke onset. This may be attributable to, at least in part, the rapid recovery of extracellular glutamate concentrations to prestroke levels (Benveniste et al., 1984; Ikonomidou and Turski, 2002 ), which are not sufficient to activate extrasynaptic NMDA receptors. Thus, NR2B-specific antagonists would be expected to have no effect after this point. Administration of nonsubunit-specific NMDA receptor antagonists such as MK-801 and amantadine at this point may even be harmful because of their blockade of NR2A-containing receptor-dependent prosurvival signaling. Unfortunately, in most clinical settings, because of the time required to transport a patient to the hospital and obtain a definitive diagnosis, treatment is not usually possible until several hours after the stroke onset, which is most likely outside the window of efficacy for NMDA receptor blockers. Thus, consistent with previous suspicions (Ikonomidou and Turski, 2002) , our results suggest that the failure to administer NMDA receptor antagonists within their efficacy window might be one of the major reasons for their failure in the clinical trials of stroke and neurotrauma conducted thus far.
In contrast, activation of NR2A-containing NMDA receptors may have several obvious advantages over previously proposed NMDA receptor antagonism-based stroke therapies: first, as demonstrated in the present work, it possesses a broader therapeutic window than NR1/NR2B receptor blockade. In fact, it should theoretically have no therapeutic window limitation as it protects neurons against brain damage by promoting neuronal survival, rather than blocking the activation of a death signal initiated by the stroke insult; second, it is significant to point out that NR2A-containing receptor activation is not only effective against NMDA receptor-mediated cell death (primary neuronal injuries), but can also guard against non-NMDA receptormediated cell death (secondary neuronal injuries). Increasing evidence supports the fact that some of the non-NMDA receptormediated mechanisms, while secondary to NMDA receptor activation, may contribute significantly to brain damage, particularly after severe stroke insults (Aarts et al., 2003; Xiong et al., 2004) . Thus, activation of NR2A-containing receptors, rather than blockade of all NMDA receptors, appears to be a more effective after stroke neuroprotective therapy. In addition to the neuronal injuries caused by acute brain insults such as stroke and brain trauma, activation of NR2A-containing receptordependent prosurvival signaling may also prove to be a potential neuroprotective therapy for a number of chronic neurodegenerative disorders, such as Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis, and Alzheimer's disease, where a "slow" NMDA receptor-mediated excitotoxicity has been implicated (Lipton and Rosenberg, 1994; Zoghbi et al., 2000; Ikonomidou and Turski, 2002) .
The mechanisms by which NR2A-containing and NR1/NR2B receptors exert their opposing roles remain to be determined. The two receptor subpopulations mediate calcium influx with distinct kinetics (Cull-Candy and Leszkiewicz, 2004) ; therefore, selective activation of one or the other may provide differentially required levels and kinetics of rising [Ca 2ϩ ] i in the postsynaptic neurons (Choi, 1994; Lipton and Nicotera, 1998) . In addition, mounting evidence suggests that different NR2 subunits serve distinct functions by coupling to different postsynaptic signaling pathways, most likely via differential protein interactions of their cytoplasmic C-tail regions (Sheng and Pak, 2000; Kohr et al., 2003) . As such, the activation of NR2A-containing NMDA receptors could trigger different signaling events than the activation of their NR1/NR2B counterparts, resulting in subunit-specific signaling outcomes (Bliss and Schoepfer, 2004; Liu et al., 2004) . Consistent with this hypothesis, a phosphatidyl inositol 3-kinasedependent proneuronal survival signaling has been linked with NR2A-containing NMDA receptor activation (Lee et al., 2002) , whereas an interference peptide derived from part of the sequence in the NR2B tail has been shown to be able to protect against excitotoxic neuronal death by disrupting NR2B C-tail interaction with its binding partner(s) (Aarts et al., 2002) . Several other NR2A-and/or NR2B-specific signaling pathways have been characterized recently Zhu et al., 2005; Li et al., 2006) , and it would be interesting to determine whether some of these subunit-specific signaling pathways play a major determinant role in mediating NMDA receptor subtype-specific neuronal survival and death-promoting actions. In addition to potential signals differentially coupled to these receptor subpopulations, evidence accumulated from several recent studies also suggests that there may be some functional interactions between the receptor subtypes and/or downstream signaling pathways coupled to these receptors (Mallon et al., 2004; Waxman and Lynch, 2005) . Future studies are needed to clarify how these interactions contribute to the differential actions for promoting neuronal survival and death after activation of these NMDA receptor subpopulations.
Whatever the precise mechanism, our study establishes that NR2A-and NR2B-containing subpopulations of NMDA receptors have differential roles in mediating neuronal survival and death and hence provides a molecular basis for the paradoxical actions of NMDA receptor antagonism in producing both proapoptotic and antiapoptotic effects under different conditions. Our work also provides an explanation for the failure of NMDA receptor antagonism-based clinical trials of stroke treatment and leads us to propose a novel NR2A-containing receptor activation-based neuroprotective therapy for acute brain injuries after stroke, neurotrauma, and chronic brain damage associated with a large number of neurodegenerative diseases. Therefore, this work calls for the urgent development of highly specific agonists for the NR2A-containing NMDA receptor subtype. In the absence of such agonists, a specific enhancement of NR2A-containing NMDA receptor function, as demonstrated in the present work, may be achieved by the combination of a nonsubunit-specific NMDA receptor enhancer, such as glycine, and an NR2B-specific antagonist. It is particularly interesting to note, in this regard, that both NMDA receptor glycine site agonists, such as D-cycloserine (Posey et al., 2004) , and NR2B-specific antagonists (Chazot, 2000) are now available for clinical trials. Therefore, our study may have an immediate impact on the treatment of stroke.
